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ABSTRACT

The composition of the vapor phase over sulfuric acid has not
2594

A method is described for calculating the partial pressures of E—IZO,

been measured experimentally because of the low volatility of H

HZSO4, and SO3 based upon liquid-phase partial-molal thermodynamic
quantities, Tables and graphs are provided which give the above par-
tial pressures from -50 to 400°C at thirty-six compositions between

10 and 100 weight-percent acid,




I. INTRODUCTION

The vapor phase over sulfuric acid solutions is composed of
water and sulfuric acid, together with sulfur trioxide from the dis-

sociation ofthe acid:
H,S0,(g) = H,0(g) + SO5(g) . (1)

In principle, the distribution of these three components at various
temperatures and acid concentrations can be determined by either (a)
experimental partial-pressure measurements, or (b) calculation of
partial pressures from liquid-phase thermodynamic data.

Method (a), although more direct, is not fully applicable to the
sulfuric acid system because of the low volatility of HZSO4“ An idea
of the problems involved may be had from the following table (derived
from the present study), which gives order-of-magnitude values for

the various partial pressures:

Concentration Temperature Partial pressure (mm Hg)
(Fow) (°C) H,O H,50, 50,

10 25 20 1015 10-23
100 7x102  10-10 10-16
300 6x10%4  2x10-3 10-
50 25 8 10-10 10-17
100 3x10%  10-6 10-11
300 ax104  5x10-1 10-3
90 25 5x1073 10-% 10-8
100 2 6x10-2 10-°

300 1.8X10° 1.2x10% 4

Experimental difficulties notwithstanding, the total vapor pres-
sure of sulfuric acid, which in most cases is due entirely to the partial
pressure of I—IZOy was the subject of numerous investigations between
1845 and 1923, Greenewalt, ! who in 1925 assembled the available data,
reviewed 19 separate vapor-pressure determina.tions‘u His final re-

sult, based essentially on the measurements of Burt? and of Daudt, 3

is the accepted standard that appears in today's reference works.




Method (b), the calculational approach to partial pressures, re-
quires two types of thermodynamic data:

(1) pure-component data for two liquids and three gases

e} o o)
(.1—1298, 8298’ and Cp), and ~ _

(2) partuf molal daf_a for binary solutions (H298’ 5298 or
FZ98‘° and Cp) .

This type of approach was first used by Abe14 in 1946, based in part
on work by Bodenstein and Katayama5 who had measured Kp for

Eq. (1) at 300 to 500°C with 85 to 100 %w acid. The calorimetric
data available at that time were incomplete, necessitating cross-cor-
relations from various sources in order to determine partial molal
quantities, More important, values of CIO), H?QS’ and 8398 for
HZSO4(g) were not available, This lack necessitated the use of Kp
for Eq. (1) in the calculation of PH.SO . ° which in turn required an
extrapolation of Bodenstein and Katayama's high-temperature equi-
librium measurements down to 25°C,

Since 1946, additional data have become available which make
the calculation of partial pressures via method (b) considerably more
reliable. Extremely complete tables of partial molal quantities at
25°C, tested for internal consistency, have been published by Giauque
et al., 6 who give free energies, enthalpies, entropies, and heat ca-
pacities at 109 different sulfuric acid concentrations from 8.93 to
100 %w. In addition, Giguére  has obtained c;, s°, (F° - I—IS)/T, and
(H°

when coupled with Bodenstein and Katayama's Kp data, provide a

- Hg)/T for HZSO4(g) from spectroscopic data. The later data,

third-law H398 for HZSO4(g) and an equation giving the temperature
dependence of Kp from 25 to 500°C.

Based upon these new data, this paper presents a method for
calculating the partial pressures of HZO’ HZSO43 and.SO3 as functions
of temperature and acid concentration, Partial molal heat-capacity
values have had to be estimated by smoothing techniques, so that some
inaccuracy still remains. Because of this, no correction has been
made for nonideal-gas behavior, and 10000mmis viewed as the upper

limit of applicability of the results.




II. DERIVATION OF EQUATIONS

A. Partial-Pressure Equation

For any component in a multicomponent mixture at equilibrium,
the partial molal free energy of the vapor is equal to the partial molal
free energy of the liquid:

F(g) = F(1) (2)
If the pressure is low enough so that the vapor acts as a perfect gas,

we obtain

F°(g) + RT In p = F°(£) + RT In a, (3)
O (o]
np= E (”P:TF (&), 1na (3a)
or o
Inp = nﬁg + 1n a , (3b)

Equation (3b) holds at any temperature and composition. The
partial pressure under consideration is given by the sum of two terms:
a pure-component term, '-AFO/RTQ a function of temperature only; and
an activity term, In a, a function of both temperature and composition.
In order to evaluate the pressure, each term must be related to its
standard-state value.

The pure-component term is evaluated as follows:

d (AFO) wAHO
T © 2 (4)
aT \" T iy
T
. =4 o o o » 5
= —y(BHugg +/ [Cpf\g) - Cp(i)]d . (4a)
! 298

This integrates toc give

O
-ar°  (ad® . Tas® > X Mg (1 1
RT RT & 298 ° T
T

Jo ole O,, ) 5
qu {CP(O) cp(z)]dT aT (5)

Any coefficient or subscript shown as 298 is actually computed as

298.15°K (25°C).
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The activity term is evaluated in a similar manner:

= o
In a = E_E%T‘F‘_ , (6)
a4 (F-F° -T
o ( _..T__.__> - _1:2 (6a)
T
( T
- -1 T = o
g i L,og +f298[ C, - Cow)] ary, (6b)

: — T T
Jo— L ~
_(E-F° 298 (1 1\ 1 1 ey
1na-<RT >28_T(2_9_-T>-.Rf _z/ [cp cp( )]dTydT.
’ 2987 |l298
(7)
Combining Eqgs. (3b), (5), and (7), we obtain

Inp =G, + G,/T + G5(T) , (8)

where = 0 — _ o

o - (F-F )298 - ngg + 298 ASZC)8

1° Z98R ’

T o

o - 298 ~ 2208

2 R ’

1 T 1 'T o}
G3(T) = X / 17 / [Cp(g) - Cp] dT »dT .
298 298

o~

The evaluation of G3(T) may be made by using heat-capacity

functions in a form given in the literature. For the gas, we have

C;(g) =a+ bT + cTz , (9)
and for the liquid
C = (C - 10
Cp (Cp)298+ a (T - 298) . (10)
This gives, upon combining GI’GZ’ and G3(T):
2
1np=A1nQT§+%+C+DT+ET , (11)
where
A:%{(-a-fé - 298a) ,

p, 298




298 298 298

298°

o
ASZ98- a-298b -

For the sulfuric acid system, partial molal quantities are avail-
able for H, O and for H SO4° Equation (11) was therefore used to
calculate P o and pH SO , and the partial pressure of SO3 was

calculated from

=K, Py 5o, /Pro- (12)

p b
SO, 250,47 "H,

B. Dissociation Constant of HZSO4(g)

The equilibrium constant for the dissociation of HZSO4(g)g Kp’
may be determined as a function of temperature, as follows.

The equilibrium for Eq. (1) is given by
In Kp = - AF? )/RT (13)

The temperature dependence of Kp is obtained by expressing AF(()”

as a function of temperature:
o
(

o -
4 [AF(I)} AH
at |~ T | T2
T
T

. 1 P[AHO] + ac® dT}
o Zi (1) f p(n) 4T
T 298 Jyqg
(14a)

The standard free-energy charge for the reaction is therefore given

by
Q
AF() [AHY,) - TAS), Ao 1L
T T 298 (1)],9g \298 T

T rT
;

1 [ o) }
]é "}-ZU Acp(l)dT dT , . (15)
98 298

\
1
B_§<A 298+298a+——2—-b+——3——c+L 208298 C 20577 )

= =0 - 1
) c + Cp, 298+[(F—F )298—1_1298] 2—9—8> B




and the equilibrium constant by

AS° AH® T rT
[ (1)]298 (4% 298 1 ] ’ o
298 298

(16)

Heat-capacity data available in the literature give the following

function for ACO :
p(l)

2

O Al 4B T4+ TP +d T Z, (17)

ACo0)

Use of this to evaluate the heat-capacity integral in Eq. (16) results in

the following equation for Kp:

In Kp = J In(298/T) + K/TZ + L/T + M+ NT + Qr?, (18)
where
J=-a'/R,
K=4d'/2R,
1 o 298° 298> d:
L= 5 [—(AH(I))ZQS +298a' + = Db' + p— c! -m] ,
1 o 298° 1 2
M= 5 [(As(l))298 -a' - 298b' - Z5—c! + —Z—d'/298 ]
N=b'/2R,

Q=c!/6R.
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1II. THERMODYNAMIC DATA

A, Pure-Component Properties

The pure-component data required in Eqs. (11) and (18) are
listed in Table 1.

(0]

1. Hygg

for HZSO4(g)

The value of I—I(?z98 listed in Table I for HZSO4(g) was calcu-

lated as follows: Kelley9 has tabulated values of (HO-Hggs) and
(s°-s§98) at 100°C intervals for H,O(g) and SO;(g). These were

used to calculate the free-energy function:
o .0 o .0
F “HZC)S . H “H298 g
T - T

)

- (S (19)

(o] (0]
-5,98) = S298 -

Giguére's ta,bles7 of (FO-HB)/T and (Ho-Hg)/T for HZSO4(g)

were also converted to the same form:

O O (¢] (0] o) o
F-Hy9g ¥ -Hg 29815 (H ‘Ho> (20)
298

T -~ T 77T T

This procedure gave the following results:

T -(F°-H24g)/T
¢ K) H,O(g) H,SO,(g)  SO;(g)
500 46.03 74.32 62,73
600 46,72 76.22 63.93
700 47.41 78.17 65.19
800 48.10 80.11 66.46

These values allow the calculation of A(FO-Hgg g)/T for the
dissociation of HZSO4(g), Eq. (1). In addition, each of Bodenstein
and Katayama's K determinations® represents an individual measure-

ment of AF?”/T, since

AF®° = -RT In K . ‘ (21)
{1) p :




Table I. Values of thermodynamic properties at 298.15 °K.
Component Property State Value Units Reference
SO3 H° g -94.45 kcal/mole (8)
s® 61.24 cal/mole-deg (8)
0@
a=13,90 cal/mole—deg? (9)
P b=6.10x10"3  cal/mole-deg”
d=-3.22X10° cal-deg/mole
H,0 a° -68.32 kcal/mole (8)
g -57.80 kcal/mole (8)
st 16.72 cal/mole-deg (8)
g 45,11 cal/mole-deg (8)
(@)
c® g a= 7.30 cal/mole-deg (9)
P b= 2.46x10-3 cal/mole-deg?
Vaporization AH® 10.52 kcal/mole
AS° 28.39 cal/mole-deg
H,S0, H° £ -193.91 kcal/mole (8)
g -175.01 kcal/mole See text
s° 37.50 cal/mole-deg (6)
o 8 71.93 cal/mole-deg (7)
c® g a= 7.86 cal/mole-deg See text
P b=46.15X10-3 cal/mole-deg?
o c=- 2.612X10-5 cal/mole-deg3
Vaporization AH 18.90 kcal/mole From HO(Z, g)
ASO 34,43 cal/mole-deg From S°({, g)
Dissociation AHO(I) 22,76 kcal/mole See text
ASO (1) 34,42 cal/mole-deg See text
Aco(l) a=13.34 cal/mole-deg See text
P b=-37.59x10"3 cal/mole-deg?
c= 2.612Xx1Q~ cal/mo].e-—deg3
d=-3.22x10° cal-deg/mole

(a)c; = a+bT +cT?+dT”

2




By use of Eq. (22}, therefore, a value of [AHO ] for
(1) 298
Eq. (1) can be calculated from each Kp data point:
o
AF F-H
1 (1) 298
AH? = = ol =22 22
Then HS for H,SO,(g) can be calculated from [AHO ] , since
: 298 2774 (1) 298

H§98 values are known for both I—IZO(g) and SO3(g).
Bodenstein and Katayama measured concentrations rather than

partial pressures, and presented their results as log KC vs temper-

ature, Table II lists values of AF(()M/T calculated from their data,

by use of the conversion relation

AF?U/T =-RInK_ , (23)
- 2.303 R log(K_RT) . (23a)

Application of Eq. (22) at each of these data points gave an

average value of 22760 cal/mole for [AH(()U] ; the sample standard

298
- deviation was 285 ca.l/mole‘, As shown in Table I, this procedure

gives for HZSO4(g): S

Ha9g

=~ 57.80 - 94,45 -~ 22,76
= -175.01 kcal/mole.

o
2, Cp for HZSO4(g)

The C; equation for H7504(g') listed in Table I was selected
as an empirical fit to the Cg data given in tabular form by Giguére.
The match to the data over the region of interest is shown below:

T (°K) cgy ref, 7 cg.,, Table I

298.15 19.29 19.29
300 19.35 19,39
400 22,19 22.14
500 24,40 24,40
600 26.08 26,14

700 27.36 27.36
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Table 1I. Bodenstein and Katayama equilibrium data for
H,50,(g) = H,0(g) + SO5(g). a

AO Ob (o]
Run T F(l)/T Run T AF(l)/T Run T AF(I)/T

No. ("K) (cal/mole) No. (*K) (cal/mole) No. (*K) (cal/mole)
1 741 ~3.75 4 598 3.34 6 633 0.85
725 -3.27 622 1.98 653 0.75
682 -1.01 635 0.99 688 -0.66
653 0.36 668 -0.68 711 -1.78
621 2.09 701 -2.47 750 -3.12
17 -3.32 711 -1.78
682 -1.85 657 0.70
2 646 1.17 596 3.13 629 1.98
660  0.30 |
664 0.00
693 -1.12 - 5 610 2.87 7 611 3.24
708 -2,22 635 1.06 629 2.08
731 ~-3.35 653 0.20 647 1.12
756 -4.24 655 0.09 660 0.54
680 -1.09 689 -1.03
707 -2,37 714 -1.88
3 613 2,60 710 -2.48 689 -1.03
627 1.52 747 -4.47 658 0.50
639 0.99 637 1.55
652 0.31
693 -1.85
729 -3.68
660 -0.32
643 0.68

a’Reference 5.
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©, and free-energy functions given by Giguére

The values of C;, S
were calculated from spectroscopic data. Because of an uncertainty
in accounting for the torsional oscillations of the sulfuric acid OH
groups, properties were tabulated in reference 7 both with and with-
out the torsional mode included. We have used the values which in-
clude the contribution of the torsional oscillations; this gives a prob-

able uncertainty in the HZSO4(g) functions of 0.25 cal/mole-deg.

3. Constants in Equations

It is desirable for calculational purposes to separate out the
pure-component terms in Eq. (11), since they are constant for all
acid compositions, Upon evaluating these terms from the data in

Table I, the following equation is obtained for calculating PH.O and
2

P o
H,S0,
In p = Aln(298/T) + B/T + C + DT + ET?, (24)
where
1 = ‘
- [ = -
A=A+ ¢ (cps 295-298a) ,
1 (7 = 298
B=B'+ g }L298 - 298 C a9 T2 )
- : 1= = 0 o _l
C=C' + Ri’cpsz% + [ (F-F )298 L298] 798 }
D= D' - af2R,
E = constant,
Term Units I—IZO value HZSO4 value
At Dimensionless -3.67340 -3.95519
B! °K -4143.5 ~7413.3
C! Dimensionless 10.24353 7.03045
D Cr)~1 0.618943x10-3  11.61146X107°
E °x)~1 0 -2.19062%x10-6

The constants in the Kp equation, Eq. (18), may be evaluated
immediately, since they are all pure-component terms. Upon sub-

stitution of the data in Table I, we obtain the following Kp equation
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for the calculation of Pso. !
3

In Kp = J In(298/T) + K/T2 + L/T + M + NT + QTZ, (25)
where
J = - 6.71464,
= - 8.10161x10%,
L = - 9643,04,
M = 14,74965,
N = - 9a4577x10”3’
Q= 2.19062x10-°.

The fit of this equation to Bodenstein and Katayama's data is shown

in Fig. 1. The constants shown for Eqs. (24) and (25) give pressures
in units of atmospheres; for results in mm Hg, ln 760 is added to C'
and to M. A value of 1.98726 cal/mole-deg was used for R, and 298.15

was used wherever 298 is indicated in Egs. (11) and (18).

B. Partial Molal Properties

The partial molal properties required in Eq. (24) for the cal-
culation of p and p are listed in Table III. These values
H,O0 HZSO4

are from the data of Giauque et al., who have carried out an exten-
sive research on the thermodynamic properties of aqueous sulfuric
acid. Reference 6 represents the final correlation of the available
data and gives tables of partial molal properties; the values in Table III
were interpolated directly from these results.

Referring to Table III, we see that data are lacking for a be-
low 25%w and for the partial molal heat capacity of water in anhydrous
acid. Estimated values of these variables are given in Sec. IV, fol-

lowing evaluation of the bulk of the data.
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(mm Hg)

Log Kp

2.0

1.3 1.4 1.5 .6 1.7
103/ T (°K)

MU-31441

Fig. 1. The fit of Eq. (25) to Bodenstein and Katayama's data.




~-14 -

Table III. Partial molal quantities for sulfuric acid at 298.15 °K (from Giauquea).

HZSO4 Water Sulfuric acid
(%ow)  %m (FI-F‘;) L, Cp’1 ay (F,-F9) L, Cp' 2 a,

10 2.00 - 26,44 - 6,28 17.871 -15624 -17078 22,18

20  4.39 - 75.10 - 34.0 17.775 -14115 -16279 25.65

25 5.77 - 114.9 - 71.8 17.780 -13373 -15580 25.70

30 7.30 - 168.8 - 136,0 18.114 0.0186 -12600 -14659 20.97 -0.0268
35 9.00 - 241.4 - 228.6 18,555 0.0178 -11782 -13618 15.93 -0.0156
40 10.91 - 338.2 - 349.0 18.662 0.0165 -10906 -12527 14.90 -0.0041
45 13,06 - 462.2 - 494,2 18,518 0.0249 -9995  -11457 15.92 -0.0633
50 15.52 - 620.6 - 662,9 17,731 0.0232 -9045  -10445 20.62 -0.0557
55 18.33 - 821.5 - 867.3 16.963 0.0153 -8054  -9437  24.44 -0.0159
60 21.60 -1075.3  -1125.0 16.335 0.0116 -70636  -8405 = 26,95 -0.0011
65 24.44 -1406.3 ~1459 15.173  0.0006 -5962 -7320 30.69 0.0340
70  30.00 -1836 -1903 13.398 -0.0207 -4838 -6158 35,34  0.0895
72 32,08 -2038 -2127 12,570 -0.0296 -4387 -5664 37.17 0.1095
74 34.33 -2261 -2382 11,762 -0.0358 -3940 -5144 38.80 0.1220
76 36.78 -2508 -2683 11,01 -0.0330 -3492  -4601  40.17 0.1171
78 39.44 -2783 -3039 10.33  -0.0182 -3046  -4025 41.27 0.0935
80 42.35 -3090 -3475 9.77  0.0114 -2600 -3394 42,08 0.0509
82 45.56 -3427 -4015 10.36 0.0568 -2170  -2705 41.37 -0.0069
84 49.09 -3789 -4656 13.78  0.1233 -1766  -1994 37.57 -0.0830
86 53,01 -4167 -5319 18.96  0.0666 -1404 -1354 32,65 -0.0270
88 57.39 -4557 -5938 22,13 -0.0120 -1086  -851 29.99  0.0361
90 62.31 -4960 -6419 22.76  -0.0346 -816 -524 29.54  0.0511
91 65.00 -5165 -6627 22,30 -0.0398 -699 -405 29.81  0.0541
92 67.87 -5375 -6816 21.48 -0.0427 -592.8 -309 30.22  0.0557
93  70.93 -5595 -6983 20.44  -0.0436 -495,2 .235.4 30.67 0.0562
94 74.21 -5830 -7139 19.32  -0.0428 -408.5 -176.3 31.10 0.0558
95 77.73 -6090 -7286 18.06 -0.0405 -323,5 -129.6 31.50 0.0551
96 81.51 -6390 -7433 16.64 -0.0368 -248.4 - 92,1 31.86 0.0543
97 85.59 -6741 -7574 15.05 -0.0314 -178.3 - 64.5 32.17 0.0531
98 90.00 -7204 -7712 13.25 -0.024 ~-114.3 - 44.6 32.43  0.0520
98.48 92.25 -7521 -7777 12,25 -0.019 - 85.3 - 38,9 32,52 0.0516
99 94.79 -7963 -7845 11.03 -0.014 - 54,6 - 33.8 32,61 0.0514
99.5 97.34 -8692 -7919 7.0 -0.008 - 26.00 - 30.6 32,76  0.0509
99.8 98.92 -9624 -8337 - 4.1 -0.003 - 9,32 - 24.2 32,95 0.0509
99.9 99.46 -10342 -9355 -15.3 -0.001 - 3.50 - 16,7 33.04 0.0509
100 100 -12014 -16125 0 0 0 33.20  0.0509

4Reference 6.
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IV. CALCULATION OF PARTIAL PRESSURES

In the calculation of partial pressures from the equations pre-
sented in Sec. II, one depends upon room-temperature heat-capacity
measurements on the solutions to predict their high-temperature
properties. Inherent in the method is the as sumption that the extrapo-
lation of the data will not generate significant errors. In the present
case, it has been realized that the thermodynamic properties collected
in Sec. III might not give a perfect a priori calculation of partial
pressures. Initial calculations tended to bear this out. Results to
temperatures near 200°C were satisfactory, but at higher temperatures
the calculated partial pressures became progressively more erratic.

To correct the observed inconsistencies, it was decided to ad-
just a, the temperature coefficient of the partial molal heat capacity.
The choice of a as a correction term was somewhat arbitrary. In
principle, either a could be changed, or additional nonlinear terms
could be added to Eq. (10) to describe assumed heat-capacity—=tem-

perature behavior. Either choice, however, requires the assumptions

| implicit in smoothing the calculated results; after some consideration,
it was decided to adjust a. In a few cases, minor adjustment of other
functions was also necessary,

The effect of a upon partial pressure can be given by a simpli-

fied rearrangement of Eq. (11):

log p = log(p),_, - B2, (26)

where the factor B is shown in Fig. 2 as a function of temperature.
Most of the a values of Table III were originally determined between
-20 and +25°C; a small number were based upon data up to 80°C,
Above 200°C, where Fig. 2 indicates that a becomes a significant
variable in the partial-pressure equation (Eq. (24) ), the reported
values of a will be seen to be inadequate, By determining a suitable
'average a for the range of 25 to 400°C, one can significantly alter
high-temperature partial pressures without affecting the already sat-

isfactory low-temperature values.




216

As explained below, ¢ was adjusted so that partial pressures
in the 200 to 400°C range were consistent with the low-temperature
results and with the sulfuric acid azeotrope and boiling-point data.
Cross-plots of log p vs %w, %m, and 1/T were used as guides during
the calculation. Smoothed partial pressures were checked on activity-
coefficient plots and examined for consistency by using the Gibbs-

Duhem equation,

A, Trial Calculations

Figures 3 and 4 show trial values of P O and Py so. cal-
culated from Eq. (24) and partial molal data listzed in Table I1I.” The
double sets of curves at 200°C and above indicate results obtained by
using (a) a as given in Table III (dashed curves), and (b) a = 0
(solid curves). Below 200°C, results obtained by using a either as
in (a) or (b) were practically equivalent, It is not necessary that the
partial-pressure curves be smooth, but it is essential that their rise
be monotonic; however, it appéars significant that the curves at lower
temperatures are indeed relatively smooth. Figure 5 shows the values
of a listed in Table III. It can be seen that the erratic areas in the
calculated partial pressures correspond to the 'peaks'" and 'walleys'"
in the a curves, For example, following the dashed 400°C curve in
Fig. 4, the high value of P so. 2t 47 %w, decreasing pressures
through 74 %w, and extremely high value of Py go &t 84 %w are the
respective results of a low a at 46.5%w, increéasing values of a to
a maximum at 74.5%w, and an abrupt minimum in e at 84.5 %w.

The variations in room-temperature a values with concentra-
tion, shown in Fig. 5, reflect the differences in heat-capacity behavior
of the various hydrated forms of HZSO4,, Possibly the hydrate com-

positions are not so distinct at temperatures over 100 to 200°C,
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A

B. Adjustment of High-Temperature Partial Molal Heat Capacities

h , . - _
The values of G0 and QHZSO shown in Fig. 5 were ad
justed so that partial pressures above 2§0°C were consistent with low-
temperature results. Calculations were carried out so as to insure

agreement with sulfuric acid azeotrope and boiling-point data.

1. Sulfuric Acid Azeotrope

Figure 6 shows the partial-pressure behavior at 25°C| calculated
from Eqgs. (24) and (25) with the smoothed constants eventually deduced]
in the vicinity of the sulfuric acid azeotrope., An abscissa scale of -log
[ 100-(%w)] is used in Fig. 6 in order to expand the azeotrope region.

The partial-pressure behavior shown—p. g4 nearly constant,
‘ 2774

PH20 decreasing rapidly, and Pso increasing rapidly—continues at
higher temperatures and pressures. The concentration at which the
azeotrope occurs, however, decreases as the pressure increases. This
was shown by Kunzler, 10 who obtained the following data on the concen-

tration of constant-boiling sulfuric acid at various pressures:

p (mm Hg) H,SO, (%w) p (mm Hg) H,S50, (%ow)

100 98.790 700 98.495
200 98.704 750 98.482
300 98.645 800 98.469
400 98.597 850 98,457
500 98.557 900 98.446
600 98.524 950 98.436
650 98.509 1000 98.426

Interpolation of Kunzler's data gives an azeotrope concentration of

98.479 %w at 760 mm Hg, which was adopted for the present study.
Abel4 surveyed the available data on the temperature and

concentration for the atmospheric-pressure azeotrope; the results of

various experimenters are as follows:
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Fig. 6. The sulfuric acid azeotrope at 25°C.
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t{°C) HZSO4 (Tow) t(°C) ][—IZSO4 (Tow)

326 98.39 338 98.5

330 98.33 338 98.5

338 98.3 317 98.54
331.7 -——-

In the present calculations, it was decided to base high-temperature

partial pressures on a temperature of 326°C for the 1.0-atm azeotrope,

as was done by Abel. 411

Although this temperature is rated as the
most probable value, it is subject to an uncertairity of at least #56°C,

At an azeotrope the composition of the liquid is equal to the
composition of the vapor (e.g., in mole-% units). Referring to w as
the weight-fraction of sulfuric acid at the azeotrope, and using the
subscripts 1,2, and 3 to indicate H,O0, HZSO4, and S50, respectively,

we obtain

18.016w _ Pptps 27)
98.082 - 80.066w ~ ) +
(pl"p3 t PprtP3
For the 1.0-atm azeotrope, we therefore obtain
P2*P3
0.92246 = (28)
P1*P2
At this azeotrope we also have
760 = p +P,+P3 (29)
K, = P, P3/P, - (30)

Since the value of Kp at 326°C can be determined from
Eq. (25), the partial pressures at the azeotrope can be determined by
combining Eqgs. (28), (29), and (30). Eliminating P, and P3; and
using S = 0.92246, we obtain

2 —
(py) +-p1[Kp(L+S%760(1~S” - 760Kp-—0. (31)
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Following evaluation of P from Eq. (31), p, can be determined by

combining Eqs, (29) and (30) with the elimination of P3'
760—p1

= 32
P27 THR /p)) (32)
The a values required to give the correct azeotrope Py and
p, can then be calculated from Eq. (24). This procedure gave the fol-
lowing results for the sulfuric acid azeotrope:
Input conditions Results
t =326°C, Kp = 130.2 mm P 233.1 mm, a, = 0.0160,
338.1 mm, a, = 0.1249,
188.8 mm.

P= 760 mm P,
%w= 98.48 P3

1

2, Adjustment of Alpha, 10 to 98.5 %w

Figure 7 shows the values of a calculated in this paper. The
method of calculation used was suggested by the property of a men-
tioned in Sec. IV: a change in a strongly affects high-temperature
partial pressures without altering low-temperature values. The pro-
cedure used was as follows: _

(a) Partial pressures from 25 to 400°C were calcu-
lated at temperature intervals of 25°C, with a = 0 at all weight-per-
cents.

(b) Starting at 25°C, pressures were plotted on log p-
vs-concentration and log p-vs-1/T coordinates. At each 25°C inter-
val, pressures at a = 0 were checked against pressures calculated
from Eq. (26), by using a equal to the azeotrope value. Up to
150°C there was no appreciable difference.

(c) At 150°C the difference between the pressures cal-
culated with a.= 0 and a equal to the azeotrope value was noticeable.
The effect was a parallel (downward) shift of the pressure curve; no
irregularities were visible. At subsequent 25°C intervals, pressures
were calculated from Eq. (26) by using the appropriate  and with a
equal to the azeotrope value,

(d) By 200°C, irregularities occurred in the pressure
curves at acid concentrations where a reaches a maximum or a mini-

mum. Referring to Fig. 7, these values were 90, 82, and 40 %w for




both H,O and HZSO4,, Irregularities were smoothed visually and the
a required to give the smoothed pressure was calculated from Eq. (26).
These new a values were then used for the next temperature interval,
(e) The procedure of raising the temperature by 25°C
and using the a from the previous step to predict pressures at that
temperature was continued. At 400°C the pressure curves on the two
coordinate systems were viewed as a whole, and any discrepancies
corrected. At temperatures over 200°C the net effect on a was to
fill in the portions between the maxima and minima in the a curves,
Fig, 7,
The above procedure was followed for calculating both 0
and aHZSO4 . For ease of interpolation, szO was smoothed on
weight-percent coordinates, and Py.so, ©B mole-percent coordinates,
Figure 8 shows the heat capacity of sulfuric acid at 25°C, as
tabulated in reference 6; the partial molal heat capacities are derived
from the slope of this curve., The a values shown in Fig. 7 indicate
that at 400°C the wave between 15 and 45 %w becomes more pronounced,

while the "bump' between 75 and 90 %w is slightly broadened.

3. 98.5- to 100-%w Region

In the region between the azeotrope and 100% acid a check of
the activity coefficients showed that a adjustments alone would not
give consistent results over the complete temperature range. This
was especially true in the case of Pr.50.° which changes very little
in the high-weight-percent region. Furthermore, the sulfuric acid
heat-capacity data listed in reference 6 show a cusp at 100% H,S0,,
making the partial molal heat capacity of water indeterminate at that
point. Figure 9 shows the portion of the heat-capacity curve (Fig. 8)
between 96 and 101 %w. The data points are those of Kunzler and
Gi.auuh_quelZ which Giauque's smoothed va].ues6 {dashed curve) do not
follow very closely. The solid . curve coincides with the data listed
in reference 6 belobw 98.5 %w and near 101 %w. Results between these
weight-percents were calculated as follows,

. For sulfuric acid, values of (F—FO) were adjusted at 99, 99.5,

99.8, and 99.9 %w so that Py go. 8ave Raoult-Law behavior at 25°C
2774 .
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(based on two ions formed per molecule of [—IZSO4 added, as indicated
by Young and Walrafen. 13) Then L, C_, and a were adjusted to give
consistent Py.so behavior at high teli'nperatures; at the same time,
Cp and a at %OO% were varied to give smooth activity-coefficient be-
havior between 98.5 and 100 %w. Referring to Fig. 9, this procedure
gave a heat capacity at 100%, along with the 100% intercepts of the
slopes of the heat-capacity curve taken at 99, 99.5, 99.8, and 99.9 %w.

Values of Py o between 98.5 and 100 %w were then calculated
by assuming various %e-at-capacity curves through this region. Partial
molal heat capacities were calculated from the 100% intercepts de-
termined above, and the assumed heat capacity; then Py o Wwas
calculated by assuming values of a., New heat-capacity curves and
alphas were assumed until consistent values of Py o Were obtained
at 99, 99.5, 99.8, and 99.9%w. The heat-capacity curve was chosen
so that these pressures, when extrapolated, gave an acceptable boiling
point at 100% acid. Then C—p and a for H,O were fitted to the re-
sulting 100% pressures,

This procedure resulted in the heat-capacity curve shown in
Fig. 9 for the 98.5- to 99.9-%w region and for the intercept and slope
at 100%. The calculated value of ((—fp)H o for 100% was large and
positive, indicating that the peak in the heat-capacity curve occurs
below 100%. The portions of the curve between 99.9 to 100 %w and
100 to 101 %w were drawn by assuming a Gaussian-type variation
around the 100% value.

The values of the partial molal properties for the 98.5- to
100-%w region are shown in Table IV, below. The 100% values give
an anhydrous-acid boiling point of 272°C, within the 270 to 280°C

range given in the literature.
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C. Results

Table IV lists the thermodynamic properties used in the cal-
culation of Py o and Py.so The values shown are identical with
those given in %able II1, e>2<ce[;1t for the new values of a (Fig. 7) and
tne other changes indicated above for the 99-to 100-%w region. Partial
sressures calculated from Eqs. (24) and (25), and the data in Table v,
are shown in Figs., 10, 11, and 12. Complete tables of partial pres-
sures appear in the Appendix, together with the Fortran program used

for the calculation,
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V. DISCUSSION AND CONCLUSIONS

The partial pressures presented above agree in form with those
reported by Greenewalt1 and Abel, 4 In both cases the closest agree-
ment occurs at low temperatures and low acid concentrations where
the observable vapor pressure is predominantly due to Py o

At higher temperatures Greenewalt's total-pressuré corre-

lations gave slightly higher pressures than those reported here. A

complete comparison of his results was not possible, since his cor-
relations were terminated at 1 atm.,

Abel used a Kp equation and an azeotrope composition dif-
ferent from those used in this work. His results, while not directly
comparable to those presented here, show the same trends in vapor-
pressure behavior as do Figs. 10, 11, and 12, At 25°C, however,
his calculated pressures are not in agreement with the thermodynamic
data now available.

By referring to the method just described for adjusting a,
it becomes apparent that P o is the most accurate of the calculated

vapor pressures, For this calculation we have the pure-component

vapor-pressure data to aid in adjusting a in the low-%w range, with
the azeotrope data for calculating a in the high-%w region. To test
the reliability of pHZSO , for which we have only azeotrope data, the
Gibbs-Duhem equation whs applied in the form suggested by Redlich
and Kister; 15 assuming that the sulfuric acid system acts as a
HZO/HZSO4 binary, This assumption appears satisfactory except above
99 %m, where it would have a negligible effect, Figure 13 shows the
result of this test at 200°C; the positive (left~hand) area is 86.5 units
and the negative (right-hand) area is 87.5 units, which indicates that
pHZSO4 may be a trifle high in the low-weight-percent region. This
uncertainty appears to lie within the accuracy of the present calcu-
lations, and has not been further adjusted.

Regardless of the calculational method used for a, pressures
calculated at low temperatures (where a is not a significant variable)

are as accurate as the available thermodynamic data allow. Changes
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in a, to correct the high-temperature pressures, affected the results
up to 100°C by no more than 2%.

The relative accuracy of the partial pressures calculated in dif-
ferent temperature and composition regions, estimated qualitatively
from the foregoing considerations, is shown in Table V,

It is felt that the real utility of the results presented here
depends not upon their absolute accuracy but rather upon their internal
consistency and upon the versatility of the calculational method. When
additional data become available, particularly in the 1.0-atm azeotrope
region, they may be incorporated into the general framework of the

calculation and the effect upon calculated results determined.




_38-

Table V. Estimated mean uncertainty in partial-pressure values.

Temperature range 0-150°C 150-300°C 300-400°C
Composition range, %w 10-80 80-100 10-80 80-100 10-80 80-100
Water + 4% 8 8 16 12 24
Sulfuric acid +10% 4 20 8 30 12

Sulfur trioxide +12% 9 22 18 32 27
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NOTATION

Superscripts

o (lower-case 'oh') Refers to values at standard state

- {overscore) Refers to partial molal quantity

Subsc ripts

1 Refers to HZO
2 Refers to HZSO4
3 Refers to SO3

298 Refers to property at 298,15°K

O(zero) Refers to property at 0 °K

(1) Refers to property for Eq. (1),the dissociation of
H,S0,(g)

Thermodynamic Functions

F Free energy

H Enthalpy

S Entropy

Cp Heat capacity

a Activity

Y - Activity coefficient

Partial Molal Functions

(F-F°) Relative partial molal free energy

Partial molal enthalpy

al

Partial molal heat capacity

=]

Temperature coefficient of Ep’
a=d C“p/dT
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Other Symbols

Partial pressure
Total pressure

Temperature, °C
Temperature, ‘K

Equilibrium constant for the dissociation of HZSO4(g)

Gas constant, 1.98726 cal/mole-deg
Refers to liquid state

Refers to gas state

Weight-fraction X100

Mole-fraction X100
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APPENDIX

Tables A-Ithrough A-III present the detailed results calculated
from Eqs. (24) and (25) and the partial molal properties listed in
Table IV,

Table A-I contains the low-temperature results; i, e., those
results unaffected by changes in a. Partial and total pressures at
5°C intervals between -50 and +100°C are tabulated for the 36 weight -
percents shown in Table IV,

Table A-II presents generalized results from 0 to 400°C.
Partialt pressures of Hzog HZSO4, and SO3 plus the total preSSure are
shown in Subtables IIA, IIB, IIC, and IID, respectively. Tabulated
pressures are rounded to four significant figures and terminated at
10% and 10°% mam Hg.

Table A-III is included as a quick reference source and sum-
mary of results. Abbreviated lists of partial pressures are
presented in Subtables IIIA, IIIB, and IIIC. Pressures are rounded
to three significant figures and are terminated at 104 and 10“2 mm Hg;
results are shown from -50 to 390°C,

Tables A-IV and A-V are included to aid in interpolation
among the above tables. Table A-IV lists the values of the constants
in Eq. (24) at the weight-percents used in Tables A-I and A-II;

Table A-V shows values of Kp from -50 to 390°C.

The Fortran listing of the program used to calculate the pres-

sures listed in Table A-II is included as Table A-VI, Similar programs

were written to produce Tables A-I and A-III,
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Table A-IV. Constants for partial-pressure equations,

WT PCT @
10.0 COM? 0.98233OE 01 -0 749283E 0 S v

2 -0 1289 -0. 4 0.258356E 02 0.816702E~52
. 82€ 02 0.163377€ 05 0.272789€ 02  -C.221033E-21
20.0 1 0.977200E 01  -0.749838E 04 0.257519E 02 0.816752E-,2
2 -C.134925E 02 =-0.161207E (5 0.302233E 02 -0.258773E-01
25.0 1 0.977451E 01 -0.T51815E G4 0.257511€ 02 0.816702E-G2
2 -0.139775E 02 -0.156870E 05 0.303210€ 02 -0.268838E-01
30.0 1 0.105427€ 02  -0.769003E 04 0.259365E 02 0.917343E-02
2 -0.223589E 02 -0.136193E 05 0.276911E 02  -0.369479E-u1
35.0 1 0.112147E 02 -0.786989E 04 0.261922E 02 0.992824E-02
2 -0.308963E 02 -0.l114447€ 05 0.247785€ 02  -0.4T70120E-01
40.0 1 0.112686E 02  -0.794653E 04 0.262859E 02 0.992824E-(2
2 -0.323148E 02 ~0.106069E 05 0.238974E 02  -0.485216E-y1
45.0 1 D.111961E 02 -0.799799E 04 0.262492€ 02 0.992824E-32
2 -0.310513E 02 ~0.103334E 05 0.241423E 02 -0.472636E-01
50.0 1 0.997490E 01 -0.784179E 04 0.258706E 02 0.854443E-2
2 -0.237353E 02 =-0.112673E 05 J.264027€ 02  -0.389637E-51
55.0 1 6.898832E 01  -0.773996E 04 0.254900€ 02 0.753802E-G2
2 -0.189624E 02 -0.117582E 05 0.282963E 02 -0.341832E-01
60.0 1 C.T799717€ 01 -0.767477E 04 0.251856E 02 0.640581E-02
2 -0.167992E 02  -0.11T496E 05 0.295357E 02  -0.326706E-C1
65.0 1 0.621220€ 0L  -0.748958E 04 0.246009E 02 0.439298E-02
2 -0.126668E 02 -0.121003E 05 0.313991E 02 -0.288966E-01
70.0 1 0.366867E 01 -0.720067E 04 0.237319E 02 0.162535E-02
2 -6.627602E 01 -0.128171E CS 0.336749E 02  -13.221033E~-01
72.0 1 0.235183E 01 ~-0.705497E 04 0.233523€ 02 0.115738E-03
2 -0.340476E 01 -0.131338E 05 0.345232E 02  -0.188325E-01
74.0 1 0.104506E 01 =-0.692787E 04 0.229998E 02  -0.139388E-02
2 -0.934196E 00 -0.133627E 05 0.3522G2E 02 -0.160648E~C1
76.0 1 -0.383569E-00 -0.680995E 04 0.227125€ 02  -0.315510E-32
2 0.17G559E 01 ~0.135858E 05 0.357492E 02  -0.127940E-0U1
78.0 1 -0.192599E 01 -0.670814E 04 0.225070E 02  -0.516792E-02
2 0.390946E 01 -0.137070€ 05 0.360834E 02 -0.100264E-01
80.0 1 -0.370810F Tl  ~-0.661987E 04 0.224429E 02  -0.768395E~(2
2 0.611742E 01 -0.137794E 05 0.361787E 02  ~0.T700714E~G2
82.0 1 -0.386130€ 01 ~-0.691302E 04 0.230825E 02 -0.843875E-(2
2 0.651030E 01 -0.134380F 05 0.353843E 02 -0.574913E-02
84.0 1 0.410187E-00 ~-0.8l2890F G4 0.252743E 02 -0.416151E~32
2 0.159751E 01 -0.120627E 05 0.329540E 02 -0.107812E-01
86.0 1 0.804282E 01 -0.998894E 04 0.283619E 02 0.426718E-G2
2 -0.537919€ 01 -0.103316E 05 0.300G90E 02  ~0.183293E-31
88.0 1 0.122635E 02 -0.111674E 05 0.303436E 02 0.867C23E-02
2 -0.881814E 01 -0.936625E 04 0.283583E 02 -0.218517E-01
90.0 1 0.127306E 02 -0.115263E 05 0.307922E 02 0.892183E-(2
2 -0.949468E Ol -0.906709F D& 0.2B0356E 02 -0.226365E-01
91.0 1 0.118990E 02 =-G.114725€ 05 0.305658E 02 0.791542E-02
2 -0.920878¢ Ol -0.907009E 04 D.281681E 02  -0.223549E-01
92.0 1 0.105862E 02 ~0.113104E 05 0.301178E 02 0.640581E-52
2 -0.B70240E 01  -0.912802E 04 0.283916E 02 -0.218517E-u1
93.0 1 ¢.901261E 01 -0.110819E 05 0.295050E 02 0.464459E-02
2  -0D.817590F 01 -0.920323E 04 0.286586E 02 ~-0.213485E-01
94.0 1 0.754884E 01 ~0.l08581E 05 0.288080E 02 0.313497E-02
2 -0.765946E 01  -0.928274E 04 0.289216E 02 ~-0.208453E-31
95.0 1 0.631467E Ol  -0.106536E 05 0.279833E 02 0.212856E-02
2 -0.733815€ 01 -0.933714E 04 0.291875€ 02  -0.206440E-01
96.0 1 0.492498E 01 -0.104139E 05 0.270105E 02 0.996347E-03
2 -0.694696E 01  -0.940360F 04 0.294321E 062 ~-0.202918E-31
97.0 1 6.329972E 01 -0.101233E 65 0.258560E 02  -0.387468E-03
2 -0.668594E 01  ~0.945187E 04 0.296598E 02 -0.201156E-0l
98.0 1 0.1C4367E 01  -0.972137E 04 0.244C17E 02 -0.265189€~02
2 -0.642008E 01 -0.950100E 04 0.298651E 02 -0.198892E-C1
98.5 1 0.903753E-01 -0.953695E 04 0.234732E 02  -0.340670E-C2
2 -0.632978E 01 -0.951834E C4 0.299497€ 02  -0.198137E-01
99.0 1 -0.140545E 01 —-0.921465E 04 0.219462E 02  =-0.441311E-02
2 -0.614434E 01  ~0.954960F 04 0.300430E 02 -0.196124E-J1
99.5 1  -0.489211E 01 -0.834654E C4 0.182543E 02  -0.592273E-02
2  —0.577858E 01 -0.961414E 04 0.301802€ 02  -0.191847E-01
99.8 I  -0.185063E 02 ~0.564741E 04 0.114842E 02  -0.188551E-G1
2  -0.540286E 01 -0.968278E 04 0.303035€ 02 -0.187318E-01
99.9 1 -0.292730E 62 -0.408354E 04 0.883038E 01 -0.316114E-01
2 -0.538282E 01 -0.968466E 04 0.303121E 02  -0.187067€-01
100.0 1 0.212753E 02 -0.186024E 05 0.4142T4E 02 0.129223E-01
2  ~0.548803E 01 -0.966251E 04 0.302846E 02 -0.188325E-01
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TABLE A-VI, FORTRAN PROGRAM.

O

s

160
10

15

20
25
30

36

40

45

105

?Z?ZH KYBX,SHDELTA.F7.2.3X.6HTUT NU»I3//711H INPUT DATA,5Xy4HCCMP,3 X
392HID, 3Xy) 6HNWT PCT,QX,&H(F—FO).GX,1HL,9X,2HCP,7X'5HALPHA)

CIMENS ION 623740),H(2,GU),C(?,QO),U ?,40),XKP(IOO),TT(IOO),W(40),
1 VAHP(S,QC,%),P(4.407100).KLNKP(10C).ITT(IOO)

READ INPUT AP 2,5, NPRUBS
FORMAT (12)

PEAL IRPUT TAPE 2,10, IPRUH,IN.Jl,JQ,JDLLylviT,TDEL

FORMAT (SI5,F1C.2,15,F%.0)

WRITE CUTPUT TAPE 3,15,IPRCB.NPRDBS,Jl,JNyJEELyTl'TDEL'KT

FORMAY (IHL1 449K, THPRCBLEM, 13, 3H CFyI3//710H WT PCT IDySX, THINITIAL,
1i3;3X,SHFINAL,I3,3X,5HDFLTA,I},IOX,11HTENPERATURE,5X,7HINITIAL,F7.

GO TC (3%,30),IN

FORMAT (215,6F10.0)

FORMAT (17X112.3XgI3,3K1F6.ngFlO.IpFIO.3,2F10.5)
READ INPUT TAPE 2,20, IyJi(W(J))y(PRDP(I'JyL)’L=195)
WRIYE CUTPUT TAPE 3!25,[7J1(W(J))y(PRUP(I)JyL) yL=1,5)

IF (I-5) 30,35,35
WRITE CUTPUT TAPE 3,40
FORMAT (1HL,40HCONSTANTS FOR PARTIAL PRESSURE EQUATIONS//TH wT PCT I
1y 22Xy 4HCOMP y 9Xy 1HAy 15Xy LHBy 15X LHC 3 LSX, LHO)

READ INPUT TAPE 2,45,AKP,BKP,CKPyDKP,EKP,FKP

FORMAT (4F10.0,2E15.Q0)

T =71

CO 1065 K=1,KT

TT(K) = T-273.15

XLNKP(K) = AKP#*LOGF(298.15/T)+BKP/(T#22.)+CKP/T+DKP+EKP#T+FKP# (Tx#
12.)

XKP(K) = EXPF{XLNKP({K))

T = T+TDEL
CO 110 J=J1,Jn,JDEL

8(1,J) = =3.67340+(PROP(1,J,3)~PROP(L1,J,4)*298.15)/1.98726

B(lyJ) = =4143.5¢(PROP(1,J,2)-PROP(1,J,3)%298.15+((298.15%#2.) »(PR' |
1CP(1,J54))/2.))/1.9872¢

Cl1,J) = 16.87684+(PROP(1,J,3)+{(PROP(1,J,1)-PRCP(1,4,2))/298.15)) |
1/1.98726 |
CUl,J) = C.000618943~(PROP(1,J,4)/(2.%1.98726))

AL2,4) = =3.9551G+(PROP(2,J,3)-PRUP(2,J,4)%258.15)/1.98726 |

B(2,J) ==T7413.26+(PROP(2,J42)~PROP(2,J,3)#298,15+((298.15%#2,)%(PR (
ICP(24J,4))/2.))/1.98726

Cl2,J) = 13.66376+(PROP(2,J,3)+((PROP(2,J,1)=PROP(2,J,2))/298.15) |
11/71.98726 !
C{2,J) = 0.01161146-(PROP(2:+J44)/(2.%1.98726)) l
WRITE CUTPUT TAPE 3,13Cy W(J),A(L,J)48(1,J),C(14J)},D(1,d),A(2,J),8B i
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TABLE A-VI, (CONT.)

l(Z,J),C(?,J),7(2.J)
130 FORMAT (FT.704K,2H Ly4EL6LA/1L1K,2H 2y4E16.6)

T =T1
CO 120 k=1,KT
XLNPL = A(l.J)*LDGF(ZQB.quT)+B(1,J)/T+C(1'J)+D(17J)*T
l?%NPZ = A(2,J)*LCGF(298.15/T)+B(2,J)/T+C(2'J)+D(2:J)*f—2.19062E—6*
wwl,)
POLyJsK) = EXPF{XLAPL)
PL24JsK) = EXPF(XLNP2)
Pl3,d,K) = XKPCK)#P(240,5)/P(1,d,K)
Pla,d,Kk) = PULy JaKI4P (2, J3K)+P(3,4,K)
120 T = T+TDEL
C
110 CCNTINUE
WRITE CUTPUT TAPE 3,50, AKP,BKP,CKP.DKP,EKP.FKP,(TT(K).XKP(K).K=1,
1KT)
50 FCRMAT (Lk1l,43HCONSTANTS FOR LN(KP) EQUATION, AKP THRU FKP// cl6.6
1///7718k vALUES OF KP=F(T)//3X,THT DEG Cr6Xy2HKP, TX3 THT DEG (,6X,2
SERE  TX, THT DEG CrHBX)2HKP,TX4 THT DEG CrO6X92HKP 3 TX3 THT DEG C,6X, 2HKP
3/5(F1C.2,812.4))
C
368 CO 206 I=1,4
CQ 360 J=01,J8, JDEL
CO 360 K=1,KT
C = LOCFIP(L4J4K))I/2.302585
[F (5+44.0) 319,315,305
305 IF (G=4.0) 310,315,315
310 IF (G) 329,320,320
c
315 P(ILyJdyK) = 0.0
CC TG 360
C
320 G = G+1.0
M = XINTF(G)
GO TO (320,335434C,345),M
325 F = 0.0001
GO0 10 350
330 + = 0.C01
GC 10 350
335 + = 0,01
GC TU 350
340 F = 0.1
GO TC 350
345 F = 1.0
C

350 R = MOCF(P(IIJ’K)!H)
p(lnyK) = P(I'JyK)'R
IF (R/F-0.5) 360,360,355
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TABLE A-VI, (CONT.)

355
360

PLIyJdaK) =
CONTINLE

P{IyJsK)+H

CO 4000 K=1,KT

[F- (TT(K)}) 4001,4C02,4002
TT(k)y = TT(K) - C.5

GO TO 4000

TT{K)
ITT(K)

4001

TT{(K) + C.5

TT(K)

4002
4000

o

ro
MM
JX
Jy
I+
Jy
MM 1
GN T (5005,5010,5015,5020),1
WRITE CUTPUT TAPE 3,5006
FORMAT (1H1,30X,55HTABLE A-IIA,
1, MM HC.)
GO TO 7000
5010 WRITE CUTPULT TAPE 3,5011
5011 FORMAT (1H1,26X,63HTABLE A-118B,
1PRESSURE, MM HG.)
GO TO 7000
5015 WRITE CUTPUT TAPE 3,5016
5016 FORMAT (1lHLl,25X,65HTABLE A-1IC,
1L PRESSURE, MM HG.)
GO TO 7000
5020 WRITE CGUTPUT TAPE 3,5021
5021 FORMAT (1H1,34X,47HTABLE A-1ID,
1)
WRITE QUTPUT TAPE 3,7005,

8300C I=1,4
2

J1

JX + 11
JY - Jn)
JN

nowon

6000
5000,6005,6010
6010
6005
5000
5005
5006

i~

CONTINUED.

CONTINUED.

CONTINUED.

CONTINUED.
7000 (W{J) 2 J=dX,JY)
7005
MMM = 2

K1l 1

K2 0

K2 K2 + 10
IF (K2 - KT)
K2 KT

MMM = 1

7010
7015,7020,7025

o~ 1t 1 n

7025
7020
7015
7030 FORMAT (1HO,L[4,3X,12F9.4/(1Xy14,3X,12F%.4})
Kl = K2 + 1

GO 7O (703%,7010}),MMM

JX = Jy + 1

G3 TO (8G00,6000}),MM

CONTINUE

7035

8C00

IF (NPROBS-1PROB) 600,600,100

CALL EXIT
END

600

< < <

WATER PARTIAL PRESSURE

SULFURIC ACID PARTIAL

SULFUR TRIOXIDE PARTIA

TOTAL PRESSURE, MM HG.

FORMAT (1HO,5HDEG C,46X,20HWEIGHT PERCENT H2SC4/5X,12F9.1)

WRITE DUTPUT TAPE 3,7030,(1TTIK),(P{I,JyK)J=IX,JY),K=K1,K2)
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mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
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of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




